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ABSTRACT 

The black hole X-ray binary XTE J1550-564 was monitored extensively at X-ray, 
optical and infrared wavelengths throughout its outburst in 2000. We show that it is 
possible to separate the optical/near-infrared (OIR) jet emission from the OIR disc 
emission. Focussing on the jet component, we find that as the source fades in the X-ray 
hard state, the OIR jet emission has a spectral index consistent with optically thin 
synchrotron emission (a ~ —0.6 to —0.7, where F v oc v a ). This jet emission is tightly 
and linearly correlated with the X-ray flux; LoiR.jct oc £^ 98±008 suggesting a common 
origin. This is supported by the OIR, X-ray and OIR to X-ray spectral indices being 
consistent with a single power law (a = —0.73). Ostensibly the compact, synchrotron 
jet could therefore account for ~ 100 per cent of the X-ray flux at low luminosities in 
the hard state. At the same time, (i) an excess is seen over the power law decay of 
the X-ray flux at the point in which the jet would start to dominate, (ii) the X-ray 
spectrum slightly softens, which seems to be due to a high energy cut-off or break 
shifting to a lower energy, and (iii) the X-ray rms variability increases. This may be 
the strongest evidence to date of synchrotron emission from the compact, steady jet 
dominating the X-ray flux of an X-ray binary. For XTE J1550-564, this is likely to 
occur within the luminosity range ~ (2 x 10 -4 - 2 x 10~ 3 ) £e<m on the hard state 
decline of this outburst. However, on the hard state rise of the outburst and initially 
on the hard state decline, the synchrotron jet can only provide a small fraction (~ a 
few per cent) of the X-ray flux. Both thermal Comptonization and the synchrotron jet 
can therefore produce the hard X-ray power law in accreting black holes. In addition, 
we report a phenomenonological change in the OIR spectral index of the compact 
jet from possibly a thermal distribution of particles to one typical of optically thin 
synchrotron emission, as the jet increases in energy over these ~ 20 days. Once the 
steady jet is fully formed and the infrared and X-ray fluxes are linearly correlated, the 
spectral index does not vary (maintaining a = —0.7) while the luminosity decreases 
by a factor of ten. These quantitative results provide unique insights into the physics 
of the relativistic jet acceleration process. 

Key words: accretion, accretion discs, black hole physics, X-rays: binaries, ISM: jets 
and outflows 



1 INTRODUCTION 

Numerous efforts have been made in recent years to iden- 
tify the emission from jets in X-ray binary systems. These 
jets, produced close to accreting black holes and neutron 
stars, are known to (at least in some cases) carry a signifi- 



cant fraction of the accretion energy a way from the binary . 



in the form of relativistic flows (e.g. Mirabel et alj 1 19921 : 



iGallo. Fender fc Poolevl 120031 : IGallo et all |2005( ). Steady, 
continuously rep lenished 'com pact' jets are seen in the hard 
X-ray state (e.g. lFender| [2006h Like some jets produced by 
supermassive black holes in Active Galactic Nuclei (AGN), 
the emission is assumed to originate from synchrotron ra- 
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diation produced by electrons or positrons (leptons) in the 
stratified jet. 

From radio through infrared the observed radiation is 
a ~ flat self-absorbed optically thick synchrotron spectrum 
with spectral index a « 0.0 to +0.2 (where F v oc v a ), com- 
posed of a s uperposition of synchrotro n-emitting particle 
distributions (|f31andford fc Konigl|[l979h . The higher energy 
synchrotron emission originates in a small, dense region of 
the jet, close to the loca tion where the jets are launched 
near the compact object <|Blandford fe Konig]||l979l ; iKaiserl 
2005). Since a > 0, the bulk of the radiative power of 
the jet resides in this higher energ y emission; at some fre- 
quency (likely in t he infrared; e.g. ICorbel fc Fender] |2002| ; 
IRussell et aD [2006) there is a break in the jet spectrum 
from one which is ~ flat (a ~ 0.0 to +0.2) to optically 
thin (with a ~ —0.7). In addition there is a cut-off in the 
jet spe ctrum at higher energies (likely i n the X-ray regime ; 
see e.g. lMarkoff. Falcke fc Fenderll200l] : lMaitra et al.ll2009h . 
Emission from the star and outer accretion disc often dom- 
inate the optical/infrared light, so the frequency of the 
aforementioned optically thick-thin jet break is hard to 
identify. Similarly, the inner accretion disc and hot inner 
flow/'cor ona' produces the majority of the X -rays (for re- 
views see ICharles fc Coe1l2006l ; iGilfanovll2009l ). However, in 
some cases emission from compact jets has been success- 
fully isolated in the infrared, optical (e.g. ICorbel fc Fender! 



200 it iTomsick. Corbel fc Kaaretl l200ll ; iReillv et al] l200ll ; 
Rodriguez. Corbel fc Tomsickl |2003h 7 Here we analyse the 



21 II 12: iBuxton fc BailvrJ. 2004: 



sibly X-ray fe.g. iHvnes et al 



Migli ari et al.M 2006) and pos- 
20031) r egime s. Moreover, it 



was shown (|Markoff . Nowak fc Wilms! 12005") that the base 
of the jet and the 'corona' could be synonymous and the 
hard X-rays could arise from inverse Compton emission at 
the jet base. In addition, the optical emission from the jet is 
correlated with that of inflowing matter, providing informa- 
tion about how the two are coupled, or how the disc feeds 
the je t fe.g. lKanbach et al.ll200 j ; lMalzac. Merloni fc Fabian! 
|2004) . 

An empirical unification of jet-disc coupling in 
black hole X-ray binaries (BHXBs) has been pro- 
posed. A BHXB usually traces out a hysteretical pat- 
tern in the X-ray hardness-intensity diagram (HID; a 
similar hysteresis has been noted in accreting neu- 
tron s tars and even white dwarfs; iMaccarone fc Coppil 
120031 ; iKording et al.l 120081 '). and the broadband be- 
haviour is correlated with the evolution through th e HID 
jDone fc Gierliriskil 120031; [Fender. Belloni fc Gallol 1 2004 ; 



Done. Gierliriski fc Kubotd 120071; IDunn et al.l l20Qg 



2009 



Fender et al.ll2009l ; ICabanac et alJl2009l ; lBellonill2009r ). Gen 

orally, the steady, compact jets exist in the hard state 
and are suppressed in the soft state (|Gallo et al.l 120031 : 
iFender et al]|2004l2009l ). 

Since its discovery, the BHXB XTE J1550-564 has 
performed outbursts or re-brightening s in 1998-99, 2000 , 
2001, 2002 and 200 3 forosz et al.ll2002l : iBelloni et al1l2002l ; 
lAref 'ev et al] 12004 IDunn et all (20091 ). The compact ob- 
ject was foun d dynamica l ly to be a black hole of mass 
~ 8-12 M (|Orosz et all I2002T ). The system is most fa- 
mous for its arcmin-scale radio and X-ray jet 'blobs' 
which were seen to decelerate several years after the jets 
were launched, due to jet-ISM interactions (|Corbel et al] 
|2002| ). The outburst of XTE J1550-564 in 2000 had 
very well-sampled optical, near-infrared (NI R) and X- 
ray monitoring throughout the entire outburst |jain et al] 



light curves and spectral energy distributions (SEDs) and 
show that for this outburst it is possible to isolate the disc 
and jet components of the optical/NIR (OIR) emission. We 
use this to correlate changes in the broadband spectrum of 
the jet with evolution of the X-ray hysteresis. In Section 
2 we describe the data collection. In Section 3 the multi- 
wavelength light curves and spectral evolution are analysed. 
The OIR jet emission is isolated and the broadband evolu- 
tion of the jets are discussed. We constrain the contribution 
of the jet to the X-ray flux and plot the broadband SEDs. 
The results and implications are discussed in Section 4 and 
the conclusions are summarised in Section 5. 



2 DATA COLLECTION 

Data from the Rossi X-ray Timing Explorer (RXTE) Pro- 
portional Counter Array {PC A), High Energy X-ray Tim- 
ing Experiment {HE XTE) and All-Sky Monitor {ASM) were 
used. We adopt the PC A and HEX TE X-ray spectral fitting 
methodology of IDunn et al] (120091'). F or the full details we 
refer the reader to Dunn et al. I <|2009h . This procedure re- 
sulted in a total number of fitted, usable observations in the 
archive of 62 within the time period of interest in this study. 

The ASM fluxes are used only on the (hard state) rise 
of the outburst, before the pointed PCA observations were 
triggered. The 3-10 keV ASM fluxes are estimated from the 
ASM 1.5-12 keV count rates using the NASA tool Web- 
PIMMS assuming a power law photon index of V — 1.6 
(where F = 1 — a; 1.6 is typical for BHXBs in the hard 
state; this index is also that measured by the PCA during 
the hard state rise of this outburst just after the ASM data 
that are used here). In addition, two Chandra detect i ons a f- 
ter the main outburst are taken from lTomsick et al] 120011 ). 
The 3-10 keV Chandra fluxes are estimated from the quoted 
1.5-12 keV fluxes and quoted T = 2.3 (measured from the 
Chandra data, bv lTomsick et ail [2001). To estimate lumi- 
nosities as fractions of the Eddington luminosity L-^dd, we 
adopt a distance o f 5.3 kpc to the s ource and a black hole 
mass of 10.6 M ([O rosz et aTll2002l ). We approximate the 
bolometric luminosity to 5.0 times the 2-10 keV X-ray lu- 
minosity, which is appro priate for BHXBs in the hard state 
|Migliari fc Fender! I2OO6I ). 

We take apparent V (0.55 /im) and I (0.81 /zm) op- 
tical and H (1.7 jam) infrared waveband magnitudes from 
iJain et al] (|200ll : obtain ed using the YALO telescope) and 
radio flux densities from lCorbel et all |200ll ; from observa- 
tions made with the Australia Telescope Compact Array). 
The OIR data wer e also used in sev e ral follow-up works 



dCorbel et ail l200ll; lOrosz et al l |2002|; IRussell et al] 120061 : 



I Yuan et al.ll2007l ; IRussell et al] 120071 . 120081 ). To derive 
trinsi c, de-reddened OIR flux densities, we use Av = 5.0 



(ITomsick et al.ll200ll. 120031; iKaaret et al]|2003l ; see also dis- 
cussion m IRussell et al] 120071 ) for the optical extinction 
and a dopt the extinction law of lCardelli. Clayton fc Mathid 
1 19891 ). 
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Figure 1. Light curves (left) and X-ray HID (right) of the 2000 outburst of XTE J1550-564. The vertical, shaded (grey) regions in the 
light curves and the grey diamonds in the HID indicate when the OIR jet is quenching/rec overing. From upp er to lower panels on the 
left: X-ray 3-10 keV flux from the RXTE PCA + HEXTE spectral fitting prescription of iDunn et"aH fcOOSh . the ASM and Chandra 
iTomsick et alj|200ll ) data (error bars for the PCA + HEXTE and Chandra data are smaller than the symbols); X-ray hardness ratio 
from PCA + HEXTE spectral fitting d ata and Chandra data (these are also used to construct the HID in the right panel); OIR apparent 
magnitudes from the YALO telescope jjain et al J 12003 . errors are < 0.05 mag); and the OIR intrinsic spectral index derived from V 
optical and H NIR de-reddened flux densities (using Ay = 5.0; see text). 



3 DATA ANALYSIS 
3.1 Outburst evolution 

In Fig. 1 we present the X-ray and OIR light curves of 
the 2000 outburst o f XTE J1550-564 (left panel; see also 
Tomsick et aD l200ll: Pain et all lioOll: Corbel et all l200ll : 
Reillv et al.ll200ll ; iRodriguez et al]|2003l ). The evolution of 
the X-ray hardness and OIR colour (spectral index a, in this 
case between V and H-bands) are also plotted. The source 
made a transition from a hard state to a soft /intermediate 
state around MJD ~ 51655-65 (in the context of jet activity 



the s ource was in a soft state; see discussion in lRussell et al.l 
l2007t ) and back, at low er luminosity, to a hard state around 
MJD ~ 51675-85 (e.g. IRodriguez et al.ll2003l ) obeying the 
well known BHXB hysteresis in the HID (e.g. iFender et al.l 
2009). There is a quenching and recovering of the NIR flux 
(and the optical to a lesser extent) contemporaneously with 
the X-ray softe ning and hardening, respectively (see also 
I Jain et al]|200ll ). The periods in which the NIR flux is fad- 
ing or recovering are shaded grey in the light curves (MJD 
~ 51655-59 and ~ 51688-93). Synchrotron emission from 
the jet accounts for the NIR flux during th e hard state, this 
jet quenching during the soft state (e.g. Ijain et all l200ll ; 
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ICorbel et all l200ll ). iRussell et all (|2007h showed that the 
NIR emission from the jet is brighter during the hard state 
decline than during the hard state rise, at a given X-ray 
luminosity (NIR-X-ray hysteresis), which may be due to a 
stronger jet on the decline, or changes in the jet radiative 
efficiency or disc viscosity. 

In the right panel of Fig. 1 we present the X- 
ray HID; information regarding the radio and NIR 
jet are in dicated. HID s of t his outburst are a ls o pre - 
sented in iReillv et all d200lh: IRodriguez etTafl l|2003l) ; 
iGierlihski fc Newtonl (120061 ); iDunn et alj (120091 ). We see 
that the NIR jet starts to drop as soon as the source be- 
gins to soften and leaves the hard state (the sam e behaviour 
as that seen in GX 339-4; iHoman et ai1l2005l ). The NIR 
jet does not reappear until the source is back in the hard 
state and declining in luminosity (t he same as was observed 
for 4U 1543-47 and GX 339-4; iBuxton fc Bailvnl |2004 
ICoriat et al ] |2009l ). A radio jet was present when the X-ray 
spectrum was much softer (on MJD 51665; shown by the 
green point in the X-ray HID) but then was quenched when 
the source decreased in luminosity in the soft state (MJD 
51670; red point). This radio detection had an optically 
thin spectrum and probably originated in d iscrete ejecta 
released from the core at a previous epoch l|Corbel et al.l 
l200ll ; IRodriguez et al.ll2003l ) . The radio jet, with an optically 
thick spectrum (consistent with originating from the com- 
pact, self-absorbed jet) was then detected in the hard state 
once the NIR jet had recovered (MJD 51697; blue point). No 
radio data were taken prior to this during the soft-to-hard 
transition, so it is uncertain when the radio jet reappeared. 
As far as we are aware, no other radio data of this outburst 
exist in the literature. 



3.2 Isolating the jet emission 

The OIR light curves during the soft /intermediate state 
(while the viscous disc and/or the irradiated disc domi- 
nated) resemble power law decays. We measure a V, I and 
H-band fade of 0.037, 0.029 and 0.025 mag per day respec- 
tively, during this time (MJD 51 660-51680) which are very 
similar to the values derived by Ijain et al.l (|200ll ). By ex- 
trapolating these power laws we can estimate the V and H 
magnitudes of the excess (jet) component, and therefore the 
spectral index of the jet, in the return to the hard state. We 
approximate the jet flux in each waveband to be the excess 
flux above the soft state power law decay in that waveband 
(Fig. 2) . We remark that no abrupt changes in the OIR flux 
or spectrum are seen over the state transitions (such changes 
may be expected from an irradiated disc due to changes in 
the X-ray spectrum) but instead changes are seen gradually 
over t imescales of days , after the X-ray transition is com- 
plete. Ijain et al] (|200ll ) fit the light curves with power law 
decays plus Gaussian profiles approximating the jet rise and 
decline; here we assume only the underlying power law decay 
and measure the excess of the jet recovery above this decay. 
The power law decay of the disc component likely continued 
with the same slope; once the jet faded the V-band light 
curve rejoined the power law around MJD ~ 51740 with the 
same slope and normalisation (Fig. 2, upper panel). The H- 
band light curve is nearing its quiescent level and so cannot 
fade further to rejoin the power law. The companion star has 
a redder spectrum than the disc, and likely dominated the 




51660 51680 51700 51720 51740 

MJD 

Figure 2. Light curve and OIR spectral index of the different 
emitting components in XTE J1550— 564 during the 2000 out- 
burst. Upper panel: The OIR magnitudes are apparent (not de- 
reddened) and the linear fits (black solid lines) to the fading in 
the soft state are 0.025, 0.029 and 0.037 mag day" 1 for H, I 
and V-bands, respectively. The V-band data return to this fit 
after the excess from the jet has become negligible again (MJD 
~ 51740) whereas the H-band has already reached the quiescent 
level of H ~ 16.0 and so does not return to this fit because it is 
fainter than the quiescent level (although we do assess the effect 
of a different H-band slope as shown by the orange line). The 
almost horizontal dotted line helps to emphasise the very simi- 
lar peak fluxes of the jet in the hard states before and after the 
soft state (the two flux peaks of the black squares). Lower panel: 
The spectral indices «oir ar e intrins ic (derived from de- reddened 
flux densities). Radio data are from lCorbel et aL | (20011) . The fit 
to the smooth change in spectral index of the excess from the jet 
(magenta line) is a increasing by 0.052 day . 



H-band while the V-band was still dominated by the disc. 
We do however show an alternative slope for the H-band 
disc decay and evaluate the impact of this different slope 
(see below). The extrapolation of the soft state power law 
is also done for the hard state just before the soft state, but 
only in H-band because there is a pronounced drop in the 
H-band flux during transition to the soft state, and no such 
drop in the I and V-bands. 

The first thing to note is that the peak of the jet flux in 
H-band is very similar on the hard state decline compared 
to on the hard state rise of the outburst (see the orange 
squares and the black dotted line in the upper panel of Fig. 
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Figure 3. The evolution of the OIR spectral index a of the jet 
as it rises and fades in the hard state decline of the outburst. The 
symbols are the same as those in the HID in the right panel of 
Fig. 1. The errors shown are relative; there may be systematic 
errors in a from the uncertainty in the optical extinction. 



2). The NIR jet peaked at almost identical flux levels, sug- 
gesting that on the outburst decline, the jet 'remembers' 
how bright it was on the hard state rise. On the hard state 
rise, the X-ray and IR jet were both brightening together, 
whereas on the hard state decline it took some time for the 
IR jet to reach peak flux (the same peak flux level as be- 
fore the soft state), but at the same time the X-ray flux 
was already fading. T his caused the NIR- X-ray hysteresis 
behaviour discussed in iRussell et all l|2007l ). but the reason 
for the IR jet to peak at the same flux level on both rise and 
decay remains unknown. We note that for GX 339-4 (an 
other well studied BHXB) the NIR jet does not rise to the 
same flux level on the hard state decline, and N IR jet-X-ray 
hysteresis is not observed l|Coriat et al.l [20091 ). A radio-X- 
ray hysteresis is seen for GX 339-4 however (Corbel et al. 
in preparation). 

We find that as the NIR jet of XTE J1550-564 bright- 
ened across the transition from the soft back into the hard 
state, the spectral index of the NIR jet was steep: Ojet ~ 
— 1.5 and then increased smoothly during the next ~ 20 days 
in the hard state (MJD ~ 51692-712; Fig. 2, lower panel). 
We measure a to increase at a rate of 0.052 per day (the fit is 
shown by the magenta line in the lower panel of Fig. 2). The 
index then remained at a value of Qj ct ~ —0.6 to —0.7 as the 
source faded, typical of optically thin synchrotron emission. 
These values of ay e t may suffer from systematic uncertain- 
ties propagating from the error in the interstellar extinction, 
but the smooth change in Oj e t with time appears to be real. 
The optically-thick to optically-thin break in the jet spec- 
trum for this outburst must reside at frequencies lower than 
H-band, in the mid-infrared. 

The spectral index of optically thin synchrotron emis- 
sion is dependent on the lepton energy distribution p in the 
flow; Qj ct = (1 — p)/2. If the emission is optically thin since 
the start of the rise of the NIR jet, the change in Oj et rep- 
resents a change in p, from p ~ 4.0 to p ~ 2.2. p ~ 4.0 is 
very steep and may well be an exponential cut-off, so the jet 
plasma may be gradually switching from a thermal, possibly 
Maxwellian distribution of particles to a non-thermal distri- 
bution becoming more dominant as p increases. We therefore 



may be witnessing an intrinsic change in the distribution of 
particle (lepton) energies in the flow of the steady, compact 
jet over these 20 days. The implication is that the physics 
of the acceleration process at the jet base is changing with 
time; the jet is gradually becoming more energetic; a grad- 
ual re- ignition of the jet. In Fig. 3 it is demonstrated that 
as a increases, the NIR jet flux first rises then falls in the 
decline of the outburst. The value of aj ct only stabilizes to 
Qj ct ?a —0.6 once the jet flux is already fading. We cannot 
measure Oj e t from the OIR in the hard state rise of the out- 
burst because the V-band magnitude did not fade consider- 
ably during the hard-to-soft transition (unlike the H-band, 
which did), implying a low jet contribution to the V-band 
in the hard state rise. 

At the time of the gradual increase in «j ct in the OIR, 
the radio (1-9 GH z) jet was already optically thick (Fig. 2; 
ICorbel et al1l200ll) . This is also close in time to the peak NIR 
jet flux. The radio and H-band flux densities of the jet at 
this time were ~ 1 mjy and ~ 4 mjy, respectively; the radio- 
to-NIR spectral index was Qjet = +0.15; also fairly typica l 
for optically thick jets (e.g. lFenderl200ll ; lRussell et alj2006l ). 
The OIR SEDs of the separated disc and jet components are 
presented in Fig. 4. The SEDs of the disc (blue dotted lines 
at the top of the figure) are from during the soft state when 
no jet was detected, and are generally blue, with ctdisc ~ 
+0.7 between V and H-bands. Thi s is typical o f irradiated 
discs of BHXBs in outburst (e.g. iHvnes! |2005 | ) but could 
also b e the viscously heated disc (although see lllussell et all 
200§, Russell, Maitra et al. in preparation). The brightest 
flux density of the disc appears to reside in the I-band, which 
could occur if the peak of the blackb ody spectrum is between 
the V and H-bands (in the SEDs of lHvnes!l2005l this peak is 
generally at higher frequencies). Conversely, the effect may 
simply be due to inaccuracies in the extinction. The SEDs 
of the jet component are clearly redder as the jet rises into 
the hard state (shown by the black dashed lines in Fig. 4) 
and bluer as the jet fades (red solid lines). The arrows in 
the right hand side of the plot indicate the evolution of the 
respective SEDs. When the NIR jet is close to its brightest, 
it is detected in radio; the radio to NIR spectral index of the 
jet is indicated on the left hand side of the figure. 



3.3 The NIR jet-X-ray correlation 

From modelling compact jets it was shown that the to- 
tal jet luminosity scales linearly with the mass accre- 
tion rate, Lj ct oc rh and the r adio jet luminosity varies 

aS ^ Radio.iet OC L^ t 



(|Falcke fc Biermannl Il995l . 
1 19961 ; iHeinz fc Sunvaevl 120031 ). Similarly the X-ray flux is 
expected to correlate with the mass accretion rate as 
Lx oc rh^ 2 for black holes in a hard sta te (the accre- 
tion process is radiatively inefficient; e.g. iNaravan fc Yil 
Il995l ; iKording et al.l l2006br ). Coupling these two relations 
leads to Z/R a dio,jct oc L^ 7 , and Lomjet oc I/R a dio,jct oc 
Lx ? if the radio to OIR jet spectrum is optically thick. 
These relations hold if the X-ray emission originates in the 
hot (inflowing) accretion flow (hence jet-disc coupling) or 
the jet synchrotron emission. From observations of com- 
pilations of sources, these correlations have been found 
to de scribe the data fairly we l l for BHXBs in the hard 
state (iFalcke fc Biermannl (l996l; [Fender! l200ll; ICorbel et all 



|2000| . I2OO3I : iMarkoff et all I2OO3I ; iGallo et al.M2003U20o'l 
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Figure 4. OIR SEDs of the isolated disc in the soft state (blue 
data; dotted lines at the top) and jet (black dashed lines for the 
jet recovery into the hard state and red solid lines for the hard 
state decline). 



iRussell et alj|2006h . The radio-X-ray correlation in particu- 
lar is extended (with a mass term) to include AGN, provid- 
ing strong evidence for a similar disc-jet coupling mecha- 
nism for all accreting bla ck holes (the 'fundamental plane of 



black hole activity'; e.g. iMerloni 



Falcke, Kording 
2006al; iGultekin et al.ll2009l ). 



Heinz fc di Mattco 2003; 



Markoff 2004; Kording, Falcke & Corbel 



To investigate whether the OIR jet indeed correlates 
with the X-ray flux we plot one against the other in Fig. 
5. The intrinsic flux density of the jet in H-band (achieved 
by subtracting the trend of the disc from the light curve; 
see Fig. 2) is plotted against the 3-10 keV X-ray flux. Once 
the jet has risen during the transition to the hard state and 
starts to fade, the NIR jet and X-ray fluxes are tightly lin- 
early correlated, with LNirtjet oc /j^ 96 * - 06 \y e no te that if 
the different H-band soft state decay (orange line in Fig. 2) 
is invoked, the correlation changes to Z/NiR,jct oc fj^° 1±0 - 05 
if all but the lowest data point are included, and LNlR.jet oc 
/^i3±o.ir if the lowest data point is included. This lowest 
data point is when the H-band flux from the jet is only ~ 0.1 
mag above the apparent extrapolated disc flux at that epoch, 
which is comparable to the H-band scatter, so we exclude 
it due to its very large error. We therefore measure the cor- 
relation, taking into account the uncertainty in the H-band 
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Figure 5. NIR-X-ray correlation on the decline of the XTE 
J1550-564 outburst, when the H-band emission from the jet only 
is used (the trend from the disc is subtracted). The NIR emission 
from the optically thin jet and the X-ray emission are directly 
proportional once both are fading in the hard state (after MJD 
51702). This suggests that both the OIR and X-rays originate in 
the optically thin part of the jet synchrotron spectrum. 



disc decay, as LNiRjet oc ^ HS±u uts (this range encompasses 
the extremes of both fit errors) . 

This is indeed steeper than expected from the above 
relations; the two are directly proportional. Previously, the 
NIR-X-ray correlation in this source was measured to be 
L Nm oc l£ 63±0 - 02 from the same data (|Russell et al.1 12007! ) 
but in this instance the jet emission had not been isolated 
from the disc. The correlation slope of 0.63 ± 0.02 is true 
for the total NIR versus X-ray emission on the hard state 
decline; the 0.98 ±0.08 slope is true for the NIR jet emission 
versus X-ray emission, after the disc flux has been subtracted 
from the NIR flux. This demonstrates the importance of iso- 
lating the OIR emission contributions if OIR-X-ray correla- 
tion slopes are to be interpreted. The tight linear correlation 
exists over one order of magnitude in flux, and implies the 
two fluxes may share the same origin. In fact, the OIR spec- 
trum is optically thin, so we would expect LoiRjet oc Lx; a 
linear correlation if the X-ray flux also originates in the op- 
tically thin synchrotron jet. This possibility is investigated 
in Section 3.4. 



3.4 Synchrotron jet contribution to the X-ray flux 

Since the NIR jet flux and X-ray flux are directly propor- 
tional on the hard state decline, it is worth assessing whether 
the flux from this synchrotron emissio n from the jet could 
account for the X-ray flu x itself (see e.g. iMarkoff et al.ll200ll . 
l2003l ; lNowak et al.l2005h . We find that the spectral index be- 
tween NIR jet and observed X-ray flux is a — —0.73 when 
the NIR and X-ray fluxes are linearly correlated (MJD 51702 
- 51730). Independently, we measure the OIR (H to V) spec- 
tral index of the jet on these dates to be a = —0.76 ± 0.23, 
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Figure 6. X-ray light curves, 'hard' hardness ratio and possible 
contribution from the optically thin jet extrapolated from the 
OIR (upper three panels) and light curves of the measured X-ray 
photon index, the rms variability and the break frequency in the 
power spectrum (lower th ree panels; the latter two are tak en from 
MOf = iMiller et aHl200fl and KOf = lKalemci et al.ll200f|j . 



and the X-ray power law spectral index from spectral fit- 
ting to be initially a — —0.70 ± 0.03 (photon index Tx = 
1.70±0.03 then softening to a = -1.1±0.2 (Fx = 2.1±0.2). 
Since these three independent measurements of a (in OIR, 
in X-ray and the OIR to X-ray spectral index) are consis- 
tent with being the same value (at least initially), the whole 
spectrum appears to likely be one single power law declining 
in luminosity. If this is the case, the synchrotron jet would 
account for ~ 100 per cent of the X-ray flux. 

The 3-10 keV X-ray light curve is again plotted in Fig. 
6 (upper panel), with the expected contribution from the 
optically thin jet in this band, if a — —0.73 is extrapolated 
from NIR to X-ray, overplotted. The two light curves over- 
lap exceptionally well after MJD ~ 51700. Before this time, 
a power law decay is evident in the X-ray light curve (in 
the soft state and continuing into the hard state; see also 
Fig. 1 of lTomsick et al]|200ll ). but after this time an excess 
is present above the power law, which is consistent with 
the optically thin synchrotron emission from the jet. Thirty 
six days after the last X-ray det ection in our light curve, 
ICorbel. Tomsick fe Kaaretl (l2006t ) measured an unabsorbed 
X-ray flux of 3 x 10" 13 erg s" 1 cm -2 (0.5-10 keV) with 
Chandra on MJD 51777, almost two orders of magnitude 
fainter than the flux 36 days before (see also Fig. 1). This 
implies the excess above the power law decay from MJD 
~ 51700 onwards is not the BHXB simply levelling off to a 
constant, quiescent level; instead the source later faded fur- 
ther by almost two orders of magnitude. Background counts 
within the PCA field were negligible because only PCA data 
with more than 1000 b ackground-subtracted counts were fit- 
ted l|Dunn et alj|2009l ). The spectral index of a = —0.73 is 
typical for optically thin synchrotron emission. 

In the second panel of Fig. 6 we plot the high energy 
X-ray flux (100-250 keV) and the soft X-ray flux (3-10 keV) 
light curves, and in the third panel the flux ratio of these two 
X-ray bands, along with the maximum jet contribution to 
the X-ray flux (derived above). We see from this panel that 
on the hard state rise of the outburst, the synchrotron jet 
flux as extrapolated from NIR could not have contributed 
more than a few per cent of the X-ray flux. Similarly on 
the hard state decline of the outburst, the jet contributed 
< 3 per cent of the X-ray flux initially, but by MJD 51702 
it could provide ~ 100 per cent of the X-ray flux. The high 
energy X-ray flux appears to fade faster than the soft X-rays 
at this point (in fact it approximately continues the power 
law decay extrapolated from the soft state), softening the 
X-ray spectrum. This could either represent a steepening in 
the slope of the power law, or a decrease in the high energy 
cut-off or break in the spectrum to one at a lower energy. 
The slope of the NIR to soft X-ray power law remained 
the same during this time, but the high energy X-ray flux 
decreased. This implies the high energy cut-off or break in 
the power law shifted to a lower energy when the jet made its 
maximum contributi on to the X-ray flux. Th is is supported 
by the spectral fits of iRodriguez et all (|2003l ): these authors 
detect a cut-off at ~ 60 keV when the source re-entered 
the hard state, which decreased to ~ 30 keV and then is 
no longer necessary in their fits after MJD 51690, which is 
when the jet likely began to contribute significantly. BHXBs 
in the hard state are generally known to h ave a cut-off i n 
the X-ray power law at around 100 keV (e.g. lGilfano"vll2009l ). 
Here, we see a possible shift in the cut-off to lower energies 
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Figure 7. The maximum contribution the synchrotron jet can 
make to the X-ray 3-10 keV flux, plotted against the measured X- 
ray power law photon index. Once the maximum jet contribution 
rises above 60 per cent of the X-ray flux, the power law changes 
from r = 1.6 to r = 1.7, very similar to the measured NIR (jet) 
to X-ray power law (indicated by the vertical grey line). When 
the jet could contribute 100 per cent of the X-ray flux, the 
measured X-ray power law has a photon index of T = 1.8-2.2. 
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Figure 8. Broadband SEDs of XTE J1550-564. On MJD 51696-7 
we show the entire, intrinsic radio through X-ray SED (the X-ray 
data were unabsorbed assuming an additive continuum model; 
see text) which probably includes emission from the disc, the jet 
and thermal Comptonization. On MJD 51718 the jet emission 
has been isolated; we estimate ~ zero contamination from other 
components. The jet likely contributes ~ 40 and ~ 100 per cent 
of the X-ray flux on MJD 51696-7 and MJD 51718, respectively 
(Fig. 6). 



at the same time as the synchrotron jet possibly begins to 
dominate the X-rays. 

In the lower three panels of Fig. 6 we plot a number 
of additional observables: the measured X-ray power law 
photon index T x (fitted from combined PCA and HEXTE 
dat a), the rms var i abilit y measured by iMiller et al.1 (|200ll ) 
and lKalemci et all ((2001), and the frequency of the break in 
the F ourier Transform (FT) power spectrum (|Kalemci et al.l 
2001). As the jet be gins to possibly dominate the X-ray flux, 
a clear increase in Tx from 1.6 to 1.7 and then finally to 
^ 1.8 is observed. An increase in the rms variability and a 
decrease of the FT break frequency are also noted, however 
these variables are changing before MJD ~ 51690, when the 
jet contributed less than a few per cent of the X-ray flux. 
We would expect the synchrotron emission from the jet to 
display r apid, high amplitu de variability, as is seen in the 
OIR (e.g. iHvnes et al1l2003l ). The jet could not have caused 
the increase in rms (and decrease in the FT break frequency) 
seen before ~ 51690, but could contribute to the increased 
rms between MJD ~ 51690 and ~ 51700. 

Tx is plotted against the maximum jet contribution to 
the X-ray flux in Fig. 7. We find that T x ^ 1.6 until the 
point at which the jet contributes up to 60 per cent of the 
flux. r x then steepens to 1.7, very close to the measured 
NIR to X-ray spectral index of the jet, 1.73 (indicated by 
the vertical line in Fig. 7). This supports the suggestion that 
the synchrotron jet at this point dominates the X-ray flux. 
Tx is then seen to steepen further, to values of ~ 1.8-2.2. 
This could occur if the high energy cut-off in the synchrotron 
spectrum of the jet moves to energies around 3-10 keV as 
the jet becomes less energetic (this is consistent with the 
de crease in energy of the cut-off just before this epoch as fit 
bv lRodriguez et al.|[200l ). The high energy (100-250 keV) 
flux continues a power law fade in the light curve, unlike the 
soft (3-10 keV) flux (Fig. 6, second panel). This is consistent 
with a cut-off in the jet spectrum residing at < 100 keV, the 
jet making a negligible contribution to the flux above 100 



keV. Alternatively, the high energy cut-off could reside at 
much lower energies than 3-10 keV, and the jet could con- 
tribute a negligible amount of the X-ray flux. If this were 
the case, the linear NIR-X-ray correlation, the X-ray excess 
over the power law decay and the apparently single power 
law slope from NIR to X-ray would all have to be coinciden- 
tal. We cannot rule this out, but the data certainly favour 
the synchrotron emission from the jet producing the major- 
ity of the X-ray flux after MJD ~ 51700. In addition, we 
show in Section 4.1 that the major arguments usually used 
to reject the synchrotron jet as the origin of the X-ray flux 
in the hard state of BHXBs are not valid for this case of 
XTE J 1550-564. 



3.5 Broadband SEDs 

In Fig. 8 we plot two unabsorbed (intrinsic) broadband 
SEDs from radio to X-ray of XTE J 1550-564 during the 
hard state. The X-ray data were corrected for photoelec- 
tric absorption assuming a phenomenological multicoloured 
accretion disk plus power law continuum model. The first 
SED is from the hard state decline soon after the transi- 
tion (MJD 51696-7), when the radio SED was obtained. At 
this time, the jet likely contributed ~ 40 per cent of the 
X-ray flux (Fig. 6). For this reason we cannot isolate the 
X-ray jet spectrum in this SED; instead we plot the total 
SED as observed, which includes light from the disc in OIR 
and probably thermal Comptonization in X-ray, as well as 
the jet in these regimes and radio. The second SED is from 
MJD 51718, at a time in which the X-ray spectrum is likely 
dominated by the jet, at lower luminosity. Here we show 
the isolated jet spectrum (the disc has been subtracted from 
the OIR) . Unfortunately no radio data were acquired at this 
time so we cannot fit the SED with a jet synchrotron model. 
Note the single power law from OIR to X-ray implied by the 
SED, and the slight softening of the X-ray flux compared to 
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the SED at higher luminosity. The break between optically 
thick and optically thin emission in the jet spectrum lies at 
a frequency lower than 10 14 Hz in both SEDs. The spectral 
indices of the optically thick and optically thin regimes are 
a ~ +0.15 (derived from the first SED but after the disc 
emission has been subtracted) and a ~ —0.73, respectively. 
The high energy cut-off in the jet spectrum may lie at ~ 10 18 
Hz (around 3-10 keV; see Section 3.4). 



4 DISCUSSION 

4.1 Two separate X-ray power laws in the hard 
state 

The data between MJD 51702 and 51730 are consistent with 
being a single power law from the optically thin jet, with this 
component producing ~ 100 per cent of the 3-10 keV X-ray 
flux and a large fraction of the NIR flux. This result has ma- 
jor implications for the orig in of the X-ray emission in the 
hard state of X-ray binaries. iMarkoff et al.l (1200 ll ) originally 
suggested that optically thin synchrotron emission from the 
jet dominates the X-ray flux of the BHXB XTE J1118+480; 
in more recent, advanced models the synchrotron jet com- 
ponent produces t ypically ~ 10 per cent of the X-ray flux i n 
the hard state (e.g. lMarkoff et al.ll2005l ; lMigliari et~al]|2007l ). 
For XTE J1550-564 during the outburst in question, if the 
optically thin synchrotron emission does indeed dominate 
the X-rays, it does not do so until the source has faded 
to S < 10 -10 erg s _1 cm -2 (3-10 keV; Fig. 6), which is 
after the source has already faded by > 1 order of magni- 
tude in the hard state decline. These resu lts support the 
suggestion by iFenderT Gallo fc Jonke^l l|2003h that the ener- 
getics of BHXBs become jet dominated at low luminosities 
in the hard state. However, it does not appear that the syn- 
chrotron jet dominates the X-ray flux in the hard state rise 
of the outburst; this is not surprising since it was found that 
the NIR jet was fainter (at a given X-ra y luminosity) on th e 
hard state rise compared to the decline (|Russell et al.|[2007l ). 
This implies that two separate components can produce the 
X-ray power law in the hard state, the jet at low luminosi- 
ties (at least for the decline of the 2000 outburst of XTE 
J1550-564). The synchrotron-emitting jet then likely dom- 
inates the X-ray flux in the range 10~ 10 < S < lO^ 11 erg 
s" 1 cm" 2 , or ~ (2 x 10" 4 - 2 x 10~ 3 ) i E dd. 

Traditionally, it is supposed that Compton upscattering 
of soft photons on hot electrons in a 'corona' surrounding 
the compact object produces the hard X -ra y power law in 
BHXBs (e.g. ISunvaev fc Titarchuklll980l ; see lGilfanovll2009l 
for a review). This has been supported by the ability of 
Comptonization models to successfully repro duce observed 
X-ray SEDs in detail. It has also been shown l|Markoff et al.l 
2005) that inverse Compton emission at the base of the jet 
(partly fed by synchrotron photons also from the jet; this is 
sometimes referred to as synchrotron self-Compton) can also 
account for the hard X-ray spectrum of BHXBs. A number 
of arguments were put forward illustrating that the hard 
X-ray power law of BHXBs is unlikely to originate in the 
synchrotron jet itself. 

It is claimed that the cut-off in the X-ray spectrum re- 
sides at ~ 100 ke V for all BHXBs in t he hard state (within a 
factor of ~ 2; e.g. lGrove etallll998h . l|Zdziarski et al.ll2003l ) 



argue that fine tuning of jet model parameters would be nec- 
essary to reproduce this ubiquity. For XTE J1550-564 we do 
see an apparent evolution of the cut-off energy during times 
when the jet contribution to X-ray is changing. Fine tun- 
ing of jet parameters is no longer req uired for this source at 
this time. In addition, it was found jMivakawa et al.l [20081; 
Joinet. Kalemci fc Senzianill2008l ; iMotta. Belloni fc Homar] 
2009) that the high energy cut-off varies between 40 keV 
and > 200 keV with changing luminosity in the hard state 
of GX 339-4 and between ~ 100 keV and > 200 keV in the 
hard state of GRO J1655-40. 

iMaccaronei (|2005l ) estimated an expected increase of a 
factor 1000 in luminosity in transition to the soft state if 
the hard state emission was radiatively inefficient, based on 
1 per cent of the accretion energy being channeled into the 
jet, which radiates 10 per cent of its energy. It has now been 
shown that jets may extract ~ 50 per cent of the accretion 
energy (e.g. lGallo etaill2005l ). which corresponds to an ex- 
pected luminosity change of a factor 20 over the transition, 
much less than the factor 1000 estimated previously. The 
jet of XTE J1550-564 seems to dominate the X-ray flux 
after one order of magnitude of fading in the hard state, 
which is approximately consistent with the predicted factor 
of 20. However, during this fading the mass accretion rate 
will probably have also decreased, so the jet may require a 
high radiative efficiency to be able to radiate so brightly in 
X-ray at 10 -3 L^dd (Tom Maccarone, private communica- 
tion). 

It was demonstrated l|Heinzll2004h that the X-ray spec- 
tral index must be steeper (a higher photon index Tx) than 
is observed if the synchrotron jet produces the X-ray lumi- 
nosity and this is responsible for the radio-X-ray-mass cor- 
relation in BHXBs and AGN (the 'funda mental plane'; see 
Section 3.3). Similarly, it was proposed (|Maccaronel l2005h 
that jets cannot dominate the X-ray flux of BHXBs or neu- 
tron star X-ray binaries because their X-ray spectra in the 
hard state are very similar, implying a common emission 
origin, whereas the radio jets of BHXBs are much brighter 
than those of neutron star systems. While here we are not 
claiming the X-ray originates in the jet for all BHXBs in 
the hard state, we do find that the X-ray spectrum from 
the jet is very similar to that of the other hard state power 
law, and we do see a steepening of the X-ray spectral index 
when the jet may dom inat e (in line wi t h the theoretical pre- 
diction of lHeinzjliooi '). In lYuan etafl (|2007m . it was argued 
that the jet contribution to the X-ray flux was low because 
an increase in X-ray flux was not observed in the hard state 
decline whereas an OIR increase from the jet was observed. 
Here we have shown that an increase in X-ray flux is not 
necessary; an excess above the X-ray powe r law decay is 
requi red only, and observed (Fig. 6; see also iTomsick et all 
l200ll) . 

To summarise, the arguments put forward to reject the 
synchrotron jet as a viable origin for the X-ray emission in 
BHXBs cannot be applied to XTE J1550-564 on the hard 
state decline, below 2x 10 -3 Z/Edd- In fact, we confirm that at 
the highest luminosities in the hard state (on both outburst 
rise and decline) the synchrotron jet cannot dominate the 
X-ray flux. 
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Figure 9. The same X-ray HID as presented in Fig. 1, with 
labels marking the proposed origin of the X-ray emission in dif- 
ferent regions of the diagram, based on the results of the multi- 
wavelength analysis. The proposed position of the jet line is also 
indicated (blue line); the steady, compact jet exists on the right 
hand (hard) side of the line and it is quenched on the left (soft) 
side. 



4.2 A revised picture for X-ray emission in 
BHXBs 

If the softening of the X-ray power law at low lumi- 
nosities in the hard state is due to the synchrotron jet 
in XTE J1550-564, this may also be the case for other 
BHXB s. Many BHXBs s how this softening towards quies- 
cence l|Corbel et alJliooih ; sp ecifically, the majo rity of out- 
bursts of sources collected in iDunn et al.l (|2009l ) show this 
softening (using the same X-ray bands and spectral fitting 
methods as us) when data were obtained at low luminosities 
in the hard state. 

The picture suggested by these data for the origin of the 
X-ray emission throughout the outburst of XTE J1550-564 
in 2000 is presented in Fig. 9. The disc, thermal Comptoniza- 
tion from the corona/hot inner accretion flow, the compact 
jet and the large-scale discrete ejecta all likely dominate the 
X-ray flux at different position s in the X-ray HID (the HID is 
the same as plotted in Fig. Fl. lXue, Wu fc Cuil (|2008l ) found 
that the arcmin-scale extended X-ray jets of XTE J1550- 
564 can produce a large fraction of the observed X-ray flux 
(up to 80 per cent) when the BHXB was at a low level of ac- 



tivity (in quiescence). The extended jet 'blobs' from ejecta 
launched several years previously were still bright, and at 
times appeared brighter than the core BHXB in the 0.3-8 
keV range. We include this in Fig. 9 at the lowest luminosi- 
ties. It is also possible that inverse Compton emission from 
the base of the jet may contribute in the hard state, but if 
the jet is still weak initially in the hard state decline then it 
cannot produce the hard X-ray power law that exists before 
the synchrotron jet comes to dominate. In addition it seems 
that in this outburst, the compact jet did not return until 
the sourc e was fully back in t he hard state, meaning that the 
'jet line' l|Fender et al J 12004) is at a harder position in the 
HID for the soft-to-hard transition than for the hard-to-soft 
transition. We indicate this jet line in blue in Fig. 9. The 
exact position of the jet line for the hard-to-soft transition 
is not well constrained for this source because no radio data 
were available until after t his in the HID, bu t from com- 
pilations of other BHXBs (|Fender et all 120091 ) it likely lies 
close to the position indicated in Fig. 9. Only one detection 
of optically thin emission was made after (softer than) the 
jet line was crossed, probably from exte nded discrete ejecta 
and not from the compact, core jet (see lFender et al1l2009l . 
for similar examples for other BHXBs). 



5 SUMMARY AND CONCLUSIONS 

We have re-analysed the broadband radio to X-ray evolution 
of the outburst of the BHXB XTE J1550-564 in 2000. We 
show that by subtracting the decaying trend of the thermal 
emission in the OIR wavebands, it is possible to isolate the 
non-thermal excess that comes from the compact jet. We 
find that the quenching and recovering of the OIR jet takes 
several days/weeks and that on the recovery, evolution of 
the spectral index suggests the flow initially forms a thermal 
distribution of particle energies but then becomes dominated 
by the optically thin synchrotron component in the radiating 
particles. 

Several lines of evidence leads us to the intriguing pos- 
sibility that the synchrotron jet emission becomes dominant 
at X-ray wavelengths at low luminosities in the hard state. 
The OIR jet spectral index, the X-ray spectral index and 
the OIR to X-ray spectral index are all consistent with be- 
ing equal and aligned (a = —0.73), and the OIR and X- 
ray fluxes are linearly correlated (Z/oiRjet oc L^ 98±0 ' 08 ), 
strongly suggesting a single, OIR to X-ray power law from 
optically thin synchrotron emission declining in luminosity. 
In addition, the high energy cut-off or break in the hard 
state spectrum may shift from ~ 100 keV to a much lower 
energy, causing a steepening (softening) in the measured X- 
ray spectral index. In the hard state rise and initially in the 
hard state decline the synchrotron jet cannot produce more 
than a few per cent of the X-ray power law flux. As the 
source fades in the hard state, between ~ 2 x 10~ 3 Lsdd 
and ~ 2 x 10~ 4 Lsdd the most complete explanation for the 
evolution of the X-ray flux and spectrum is the synchrotron 
jet coming to dominate. The energetic state of the BHXB 
at th ese times is likely to be jet dominated (|Fender et al.l 
2003). We show that the arguments usually adopted to rule 
out a synchrotron jet origin to the X-ray emission cannot be 
successfully applied to these data. It is interesting to note 
that the observed jet spectral index likely remains constant 
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(a w —0.73) as the luminosity decreases by one 
magnitude, which provides an empirical constraint for jet 
theories. Broadband SEDs during the hard state are pre- 
sented. A picture is also developed in which the origin of 
the X-ray emission evolves throughout this outburst and is 
sometimes dominated by the accretion disc, thermal Comp- 
tonization, the compact jet and discrete jets located at large 
distances from the binary, launched years previously. 

A steepening of the X-ray power law at low luminosi- 
ties in t he hard state, and in quiescence is seen in many 
BHXBs (jCorbel et al.ll2006l ; IPunn et alj|2009h . If the origin 
of this steepening is the same in these systems as it is for 
XTE J1550-564, the synchrotron jet may dominate in most 
BHXBs on the hard state decline below ~ I/ecw- A 

corresponding change in the high energy cut-off would also 
be expected. Also, if the X-ray-emitting region of the jet 
is beamed away from the disc (i.e. if the Lorentz factor of 
the jet plasma at that point is high), one may expect less 
disc reflection of X-ray photons and a dependency on the 
inclination of the system. If more X-ray jets are detected for 
sources at different inclinations, the Lorentz factor of the 
compact jets may be constrained (for an oth er method to 
estim ate the velocity of the compact jet see ICasella et al.l 
l2010h . 

Since this happens at low luminosities, sensitivity is- 
sues of X-ray instruments may have biased the observations 
in the literature to the bright hard states, when the jet does 
not dominate. Future sensitive X-ray instruments will have 
the capabilities to test this hypothesis, especially X-ray po- 
larimeters. The optically thin synchrotron emission from the 
compact jet has be en found to be linearly polarized and 
varia ble in the NIR (|Shahbaz et alJl200St iRussell fe Fended 
2008). X-ray polarimetric studies (and variability of the po- 
larization level and orientation) of the jet will open up a new 
window for studies of jet physics in accreting black holes. 
In addition, broadband (radio to X-ray) spectra of the iso- 
lated synchrotron jet could provide tighter constraints of the 
jet parame ters than most modelling attempts, because nor- 
mally fe.g. lMarkoff et alJl2003 . l2005l ; lMaItra et aQljooj ) the 
total observed SEDs of BHXBs are modelled including disc, 
star and other emission components. 
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